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Chapter	  1:	  Determining	  the	  Etiology	  of	  Trigeminal	  Neuralgia	  using	  MRI:	  A	  
Quantitative	  Review	  and	  Meta-­‐Analysis	  
	  
Abstract:	  	  
Background	  Trigeminal	   neuralgia	   (TN)	   is	   a	   chronic	   brain	   condition	   involving	   the	  trigeminal	   nerve	   and	   characterized	  by	   severe	   and	   recurrent	   facial	   pain.	  While	   the	  etiology	  of	  TN	  has	  been	  researched	  extensively,	  there	  is	  a	  lack	  of	  convergence	  on	  the	  exact	  physiological	  processes	  leading	  to	  pain	  symptoms.	  This	  meta-­‐analysis	  seeks	  to	  better	  elucidate	  the	  underlying	  pathophysiology	  of	  TN	  by	  analyzing	  the	  outcomes	  of	  studies	   that	   utilize	   magnetic	   resonance	   (MR)	   structural	   imaging	   and	   diffusion-­‐weighted	  imaging	  (DWI)	  to	  examine	  microstructural	  nerve	  damage	  in	  patients	  with	  TN.	  	  
Methods	  Performing	  a	  systematic	  review	  of	  the	  literature,	  the	  authors	  included	  human	  MR	   anatomical	   and	  DWI	   studies	   aimed	   at	   visualizing	   the	   trigeminal	   nerve	   and/or	  measuring	  neural	   damage	  pertaining	   to	  TN.	   Studies	   that	  measured	   and	   compared	  nerve	  damage	   in	   the	  affected	  and	  unaffected	  sides	   in	  patients	  and/or	  patients	  and	  controls	  were	  analyzed	  for	  neural	  changes	  associated	  with	  TN.	  	  
Results	  Twenty-­‐five	   studies	   met	   inclusion	   criteria.	   Overall,	   the	   data	   from	   the	  anatomical	  and	  diffusion	  studies	  showed	  decreased	  volume	  and	  cross	  sectional	  area,	  decreased	   fractional	   anisotropy,	   and	   increased	   apparent	   diffusion	   coefficient	   and	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diffusivity	  associated	  with	  the	  affected	  side	  of	  patients	  compared	  to	  the	  unaffected	  side	  as	  well	  as	  in	  patients	  compared	  to	  controls.	  	  
Conclusion	  Meta-­‐analysis	  of	   the	   included	  studies	   indicates	   that	  neural	  differences	  exist	  between	   the	  affected	  and	  unaffected	   sides	   in	  patients	   as	  well	   as	  between	  patients	  and	   controls	   in	   both	   structural	   and	   diffusion	   metrics.	   The	   amalgamated	   data	  suggests	  that	  microstructural	  damage	  of	  the	  trigeminal	  nerve	  is	  commonly	  found	  in	  TN	  patients	  and	  could	  be	  a	  primary	  factor	  in	  TN	  pathophysiology.	  	  
Introduction	  and	  Etiology:	  Trigeminal	  neuralgia	  (TN)	  is	  a	  debilitating	  neuropathic	  brain	  condition,	  which	  classically	  involves	  the	  sensory	  branch	  of	  the	  trigeminal	  nerve.	  Primarily	  affecting	  the	  elderly	  population,	  TN	  involves	  severe,	  episodic	  facial	  pain	  characterized	  by	  extreme,	  sudden	  shock-­‐like	  or	  burning	  sensations.	  [1,	  2]	  Classically	  described	  as	  a	  sharp	  lancinating	  pain,	  this	  syndrome	  is	  often	  initially	  misdiagnosed	  and	  under-­‐treated.	  Many	  patients	  ultimately	  require	  surgical	  intervention	  for	  long-­‐term	  pain	  relief.	  [2]	  The	  economic	  aspects	  of	  TN	  are	  significant	  as	  well,	  with	  approximately	  15,000	  new	  patients	  being	  diagnosed	  in	  the	  United	  States	  annually	  [3]	  and	  an	  estimated	  healthcare	  cost	  exceeding	  $100	  million	  per	  year	  for	  surgery	  alone.	  [1]	  	  The	  physiological	  basis	  of	  TN	  has	  been	  an	  ongoing	  topic	  of	  research	  and	  study.	  [2,	  4]	  Possible	  etiologies	  of	  the	  disease	  include	  neurovascular	  compression	  (NVC)	  [5],	  multiple	  sclerosis	  [6],	  tumors	  [7],	  arteriovenous	  malformations	  [8],	  and	  facial	  injury.	  [9]	  The	  most	  commonly	  accepted	  etiology	  in	  TN	  is	  thought	  to	  be	  related	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to	  NVC	  [1]	  as	  originally	  described	  by	  Dr.	  Janetta.	  [10]	  Mechanical	  compression	  of	  the	  trigeminal	  nerve	  can	  occur	  as	  the	  nerve	  leaves	  the	  brainstem	  pons	  and	  passes	  across	  the	  subarachnoid	  space	  toward	  Meckel’s	  cave.	  [9]	  It	  is	  believed	  that	  the	  nerve	  region	  is	  especially	  susceptible	  to	  pathologic	  changes	  from	  vascular	  contact	  in	  the	  Redlich-­‐Obersteiner’s	  zone,	  also	  known	  as	  the	  root	  entry	  zone	  (REZ).	  Serving	  as	  a	  boundary	  between	  the	  central	  and	  peripheral	  nervous	  systems,	  the	  REZ	  is	  characterized	  by	  nerve	  axons	  ensheathed	  in	  central	  myelin	  and	  subsequently	  transitioning	  to	  peripheral	  myelin.	  	  
Proposed	  Neurophysiological	  Mechanisms	  Vascular	  contact	  in	  the	  REZ	  region	  can	  lead	  to	  chronic	  demyelination	  and	  abnormal	  conduction	  in	  the	  nerve,	  resulting	  in	  structural	  disarray,	  electrical	  instability,	  and	  atrophy.	  [7]	  This	  theory,	  raised	  by	  Devor	  et	  al.	  and	  coined	  as	  the	  ignition	  hypothesis	  [11],	  is	  characterized	  by	  the	  discovery	  that	  injured	  sensory	  neurons	  often	  become	  electrically	  hyperexcitable	  and	  generate	  abnormal	  spike	  discharge.	  [12]	  It	  is	  believed	  that	  spontaneous	  occurrence	  of	  ectopic	  firing	  results	  in	  burning	  sensations	  and	  paresthesias,	  symptoms	  that	  are	  reported	  in	  some	  TN	  patients.	  [1]	  Other	  injured	  sensory	  neurons	  that	  are	  silent	  but	  have	  a	  hair-­‐trigger	  threshold	  can	  give	  rise	  to	  a	  surge	  of	  spontaneous	  firing	  and	  neuronal	  afterdischarge.	  	  This	  is	  presumed	  to	  cause	  the	  pain	  paroxysms	  present	  in	  TN	  patients.	  [12]	  The	  sudden	  onset	  of	  the	  intense	  pain	  paroxysms	  experienced	  by	  some	  patients	  with	  TN	  points	  to	  a	  synchronization	  of	  the	  afterdischarge	  bursts,	  made	  possible	  by	  axon-­‐to-­‐axon	  cross-­‐excitation	  or	  crossed	  after-­‐discharge.	  Cross-­‐excitation	  between	  neurons,	  also	  referred	  to	  as	  ephaptic	  crosstalk,	  can	  occur	  through	  close	  membrane	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apposition.	  [13]	  This	  pathology	  can	  arise	  from	  a	  lack	  of	  myelin	  sheaths	  and	  intervening	  glial	  processes.	  [14]	  	  The	  second	  mechanism	  for	  synchronization,	  crossed	  after-­‐discharge,	  is	  characterized	  by	  nonsynaptic	  and	  nonephaptic	  coupling	  occurring	  within	  sensory	  ganglia	  as	  well	  as	  at	  injured	  nerve	  regions.	  In	  this	  mechanism,	  impulse	  activity	  induces	  nonsynaptic	  release	  of	  potassium	  ions	  or	  a	  neurotransmitter(s)	  into	  the	  interstitial	  space,	  which	  move	  by	  diffusion	  and	  generate	  afterdischarge	  in	  neighboring	  neurons.	  [15]	  Both	  synchronization	  mechanisms	  operate	  such	  that	  even	  a	  brief	  stimulus	  at	  a	  trigger	  point	  could	  be	  sufficient	  to	  induce	  immense	  synchronous	  activity.	  [12]	  The	  ignition	  hypothesis	  explains	  the	  electrical	  mechanism	  by	  which	  aberrations	  from	  loss	  of	  nerve	  integrity	  can	  result	  in	  abnormal	  contacts	  between	  nerve	  fibers	  and	  underlie	  the	  symptomology	  of	  TN.	  [16]	  
Dissenting	  Views	  to	  Neurovascular	  Compression	  as	  Etiology	  Although	  NVC	  is	  a	  commonly	  accepted	  cause	  for	  TN	  symptoms,	  some	  imaging	  studies	  have	  shown	  that	  TN	  can	  be	  present	  and	  recur	  in	  the	  absence	  of	  NVC.	  [17,	  18]	  Since	  TN	  is	  considered	  a	  clinical	  description	  disease,	  magnetic	  resonance	  imaging	  (MRI)	  is	  not	  the	  standard	  of	  care	  in	  diagnosis	  and	  treatment	  and,	  consequently,	  proof	  of	  compression	  is	  not	  required	  nor	  often	  confirmed	  for	  treatment	  or	  surgery	  in	  the	  majority	  of	  cases.	  A	  review	  of	  autopsy	  studies	  shows	  NVC	  in	  90%-­‐100%	  of	  TN	  patients,	  yet	  also	  in	  16%-­‐58%	  of	  patients	  without	  TN.	  [19-­‐22]	  Miller	  et	  al.	  [23]	  examined	  NVC	  in	  TN	  patients	  as	  well	  as	  patients	  without	  TN	  and	  found	  that	  NVC	  of	  the	  trigeminal	  nerve	  was	  more	  severe	  in	  patients	  with	  TN,	  although	  NVC	  also	  occurred	  in	  healthy	  patients.	  While	  a	  review	  of	  the	  literature	  indicates	  that	  a	  wide	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range	  of	  11%-­‐96%	  of	  TN	  patients	  have	  demonstrable	  NVC,	  this	  leaves	  4%-­‐89%	  of	  TN	  patients	  with	  no	  observable	  NVC	  [17,	  20,	  24,	  25].	  This	  wide	  range	  may	  be	  due	  to	  selection	  bias,	  inclusion	  of	  older	  studies,	  and/or	  use	  of	  poor	  quality	  MRI.	  	  
MRI	  Imaging	  in	  TN	  MRI	  has	  been	  used	  to	  examine	  neural	  changes	  and	  atrophy	  at	  the	  REZ	  associated	  with	  TN.	  [16,	  26,	  27]	  These	  studies	  have	  been	  useful	  in	  investigating	  the	  potential	  pathophysiology	  of	  TN.	  This	  meta-­‐analysis	  reviews	  the	  existing	  literature	  on	  whether	  damage	  to	  the	  trigeminal	  nerve	  has	  been	  identified	  in	  TN	  patients	  through	  advanced	  MRI	  techniques	  including	  structural	  imaging	  and	  diffusion-­‐weighted	  imaging	  (DWI).	  These	  MRI	  techniques	  are	  used	  extensively	  in	  TN	  studies,	  since	  they	  have	  efficacious	  features	  for	  detecting	  microstructural	  nerve	  damage.	  	  DWI	  allows	  for	  visualization	  of	  tissue	  microstructure	  and	  white	  matter	  tracts	  in	  the	  brain	  and	  spinal	  cord	  through	  tractography.	  [28]	  Neuronal	  structural	  connectivity	  can	  be	  estimated	  by	  measuring	  diffusivity	  of	  protons	  along	  axonal	  paths.	  Alterations	  in	  tissue	  microstructure	  can	  be	  quantified	  by	  measuring	  complementary	  changes	  in	  the	  diffusion	  of	  water	  within	  those	  tissues.	  DWI	  has	  been	  a	  successful	  tool	  with	  clinical	  applications	  including	  characterization	  of	  white	  matter	  in	  patients	  with	  brain	  tumors	  and	  characterization	  of	  acute	  ischemic	  stroke	  lesions	  in	  the	  central	  nervous	  system.	  [29]	  It	  has	  also	  been	  used	  to	  determine	  the	  microstructural	  neural	  changes	  associated	  with	  TN	  utilizing	  parameters	  such	  as	  fractional	  anisotropy	  (FA),	  diffusivity,	  and	  apparent	  diffusion	  coefficient	  (ADC)	  for	  quantitative	  analysis	  of	  nerve	  integrity.	  [6,	  30]	  White	  matter	  neuropathology	  frequently	  causes	  a	  decrease	  in	  FA,	  but	  since	  this	  may	  result	  from	  increased	  radial	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diffusivity	  and/or	  decreased	  axial	  diffusivity,	  other	  parameters	  in	  addition	  to	  FA	  are	  needed	  to	  properly	  characterize	  the	  tissue	  changes.	  Moreover,	  measuring	  radial	  and	  axial	  diffusivities	  can	  provide	  specific	  information	  about	  the	  diffusion	  tensor	  and	  alterations	  in	  tissue	  architecture.	  [29]	  ADC	  is	  informative	  since	  it	  measures	  the	  magnitude	  of	  diffusion	  of	  water	  molecules	  within	  tissue,	  which	  can	  alter	  with	  changes	  in	  tissue	  microstructure.	  In	  addition,	  two	  main	  sequence	  types	  used	  in	  structural	  imaging	  for	  visualization	  of	  the	  nerve	  are	  SSFP-­‐based	  (steady	  state	  free	  precession)	  sequences	  and	  T1	  and	  T2-­‐weighted	  imaging	  sequences	  utilized	  at	  high	  resolution.	  Mean	  cross	  sectional	  area	  and	  volume	  of	  the	  nerve	  are	  often	  measured	  to	  have	  a	  quantitative	  metric	  of	  nerve	  damage.	  [31,	  32]	  Exploring	  and	  understanding	  the	  microstructural	  neural	  changes	  and	  damage	  associated	  with	  TN	  can	  allow	  better	  identification	  of	  the	  source	  of	  pain	  and	  etiology	  of	  the	  disease,	  ultimately	  providing	  a	  framework	  for	  timely	  and	  accurate	  diagnosis	  as	  well	  as	  effective	  treatments	  addressing	  the	  root	  cause	  of	  the	  disease.	  	  
Methods:	  Searches	  were	  conducted	  using	  PubMed	  and	  Google	  Scholar.	  Of	  the	  283	  studies	  reviewed,	  25	  were	  relevant	  for	  inclusion	  (see	  Figure	  1).	  The	  criteria	  determined	  for	  inclusion	  were:	  recent	  studies	  describing	  imaging	  techniques	  performed	  on	  humans	  for	  the	  purpose	  of	  tracking	  or	  visualizing	  the	  trigeminal	  nerve	  and/or	  measuring	  the	  degree	  of	  microstructural	  nerve	  damage	  or	  atrophy.	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  Studies	  that	  met	  these	  inclusion	  criteria	  were	  separated	  into	  two	  categories:	  “Anatomical”	  and	  “Diffusion-­‐Weighted	  Imaging”	  studies.	  Anatomical	  studies	  were	  further	  subdivided	  into	  studies	  that	  analyzed	  the	  nerve	  through	  “Qualitative”	  versus	  “Quantitative”	  measures.	  The	  parameters	  evaluated	  included	  neurovascular	  compression,	  fractional	  anisotropy,	  and	  mean	  cross-­‐sectional	  area	  of	  the	  nerve,	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among	  others.	  Studies	  which	  went	  beyond	  delineating	  and	  tracking	  the	  trigeminal	  nerve	  itself	  and	  explored	  the	  microstructural	  nerve	  damage,	  often	  did	  so	  by	  comparing	  the	  affected	  and	  unaffected	  sides	  of	  the	  nerve	  in	  patients	  and/or	  comparing	  affected	  and	  unaffected	  sides	  in	  patients	  and	  controls.	  	  Studies	  that	  focused	  on	  NVC	  only,	  or	  were	  preclinical,	  such	  as	  those	  performed	  on	  primate	  models,	  or	  focused	  on	  other	  parts	  of	  the	  brain,	  such	  as	  the	  thalamus	  and	  grey	  matter,	  were	  not	  included.	  See	  Figure	  1	  for	  a	  flowchart	  of	  study	  inclusion	  strategy	  and	  a	  full	  list	  of	  study	  exclusion	  criteria.	  	  
Results:	  	  
Included	  Studies	  Of	  the	  titles	  and	  abstracts	  reviewed	  through	  the	  searches,	  25	  studies	  were	  selected	  for	  inclusion	  in	  an	  effort	  to	  understand	  whether	  nerve	  damage	  is	  a	  key	  component	  of	  the	  pain	  in	  TN.	  Of	  the	  25	  included	  studies,	  there	  were	  seven	  anatomical-­‐only	  studies,	  nine	  DWI-­‐only	  studies,	  and	  nine	  studies	  that	  fell	  into	  both	  categories	  (see	  Figure	  1).	  Four	  of	  the	  DWI-­‐only	  studies	  performed	  trigeminal	  nerve	  visualization	  only	  [33-­‐36]	  while	  the	  remaining	  twenty-­‐one	  studies	  in	  the	  meta-­‐analysis	  inspected	  the	  microstructural	  alterations	  associated	  with	  TN.	  Anatomical	  imaging	  and	  DWI	  results	  are	  discussed	  separately	  in	  the	  upcoming	  sections,	  with	  further	  distinction	  made	  between	  studies	  that	  compare	  TN	  patients	  to	  healthy	  controls	  and	  studies	  that	  compare	  the	  affected	  and	  unaffected	  sides	  of	  the	  trigeminal	  nerve.	  Thirteen	  studies	  compared	  TN	  patients	  to	  healthy	  controls	  (see	  
Tables	  1,	  2a,	  and	  2b).	  Twelve	  of	  the	  studies	  also	  identified	  neurovascular	  compression	  on	  the	  affected	  side	  of	  the	  trigeminal	  nerve	  (see	  Table	  1).	  Two	  studies	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analyzed	  nerve	  changes	  by	  comparing	  pre-­‐	  and	  post-­‐surgery	  measurements	  (see	  
Table	  2b).	  	  
Anatomical	  Studies	  The	  main	  outcomes	  of	  the	  studies	  that	  performed	  anatomical	  evaluation	  are	  outlined	  in	  Table	  1,	  with	  eleven	  studies	  identifying	  structural	  nerve	  damage.	  While	  some	  of	  the	  studies	  identified	  significant	  changes	  using	  either	  qualitative	  [31,	  37]	  or	  quantitative	  [38]	  measures,	  the	  majority	  of	  the	  studies	  identified	  structural	  nerve	  damage	  both	  qualitatively	  and	  quantitatively	  (see	  Table	  1).	  	  Among	  those	  studies	  that	  performed	  a	  quantitative	  anatomical	  evaluation,	  mean	  volumes	  of	  the	  nerve	  and/or	  mean	  cross	  sectional	  area	  of	  the	  proximal	  nerve	  at	  the	  root	  entry	  zone	  were	  measured	  (see	  Table	  1).	  Of	  the	  studies	  measuring	  the	  mean	  volume	  of	  the	  nerve,	  some	  studies	  found	  significant	  alterations	  in	  the	  mean	  volume	  either	  when	  comparing	  the	  affected	  side	  to	  the	  unaffected	  side	  of	  the	  nerve	  [26,	  39]	  or	  when	  comparing	  patients	  to	  controls.	  [38]	  The	  rest	  of	  the	  studies	  [32,	  40,	  41]	  measured	  significant	  differences	  in	  both.	  All	  mean	  volumes	  measured	  were	  smaller	  in	  the	  affected	  side	  of	  the	  nerve	  and	  in	  patients	  compared	  to	  controls.	  	  Of	  the	  studies	  examining	  mean	  cross	  sectional	  area,	  some	  studies	  measured	  significant	  differences	  either	  between	  the	  affected	  and	  unaffected	  sides	  [16,	  26,	  42]	  or	  between	  patients	  and	  controls	  [38],	  while	  the	  remaining	  studies	  [30,	  32,	  40,	  41]	  identified	  significant	  changes	  in	  both	  comparisons.	  In	  all	  cases,	  the	  mean	  cross	  sectional	  area	  was	  found	  to	  be	  smaller	  in	  the	  affected	  side	  than	  the	  unaffected	  side	  and	  smaller	  in	  patients	  than	  controls.	  See	  Table	  1	  for	  a	  summary	  of	  all	  anatomical	  data.	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DWI	  Studies	  Four	  of	  the	  DWI	  studies	  [33-­‐36]	  tracked	  the	  trigeminal	  nerve	  for	  visualization	  purposes.	  Visualizing	  the	  trigeminal	  nerve	  is	  important	  for	  understanding	  the	  nerve’s	  microanatomy	  and	  understanding	  where	  abnormalities	  and	  damage	  in	  the	  nerve	  can	  occur	  when	  looking	  at	  the	  nerve	  in	  TN	  patients.	  	  As	  shown	  in	  Table	  2a,	  fourteen	  DWI	  studies	  examined	  FA	  and	  five	  studies	  examined	  ADC.	  A	  majority	  of	  the	  studies	  examining	  FA	  by	  comparing	  the	  affected	  side	  and	  unaffected	  sides,	  found	  a	  significant	  decrease	  in	  FA	  in	  the	  affected	  side.	  Of	  the	  studies	  examining	  FA	  by	  comparing	  the	  affected	  and	  unaffected	  sides	  in	  patients	  and	  controls,	  two	  [6,	  43]	  found	  significant	  decreases	  in	  FA	  on	  both	  sides	  while	  four	  of	  the	  studies	  [27,	  32,	  44,	  45]	  found	  a	  significantly	  lower	  FA	  only	  in	  the	  affected	  side.	  Hodaie	  et	  al.	  [46]	  and	  DeSouza	  et	  al.	  [27]	  compared	  FA	  values	  as	  measured	  before	  and	  after	  surgery,	  with	  Hoadie’s	  study	  recording	  a	  significant	  decrease	  in	  FA	  after	  surgery	  and	  DeSouza’s	  study	  describing	  a	  significant	  increase	  in	  FA	  after	  surgery.	  	  	   ADC	  values	  were	  examined	  by	  Lummel	  et	  al.	  [6]	  and	  Leal	  et	  al.	  [32]	  with	  significantly	  higher	  ADC	  values	  found	  in	  the	  affected	  side	  compared	  to	  the	  unaffected	  side.	  These	  studies	  also	  found	  ADC	  to	  be	  higher	  in	  the	  affected	  side	  of	  patients	  compared	  to	  controls.	  The	  remaining	  three	  studies	  that	  examined	  ADC	  did	  not	  find	  significance	  in	  either	  of	  these	  categories,	  as	  seen	  in	  Table	  2a.	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Seven	  of	  the	  25	  studies	  in	  this	  review	  (displayed	  in	  Table	  2b)	  examined	  diffusivity	  of	  the	  nerve,	  including	  radial,	  axial	  and/or	  mean	  diffusivity.	  Of	  those	  looking	  at	  radial	  diffusivity	  (RD),	  three	  studies	  [27,	  43,	  45]	  found	  a	  significant	  increase	  when	  comparing	  affected	  to	  unaffected	  sides	  of	  the	  nerve,	  one	  study	  [44]	  found	  it	  trending	  towards	  significance,	  while	  the	  last	  study	  [47]	  did	  not	  find	  any	  significance.	  Two	  studies	  [43,	  44]	  found	  significant	  increases	  in	  the	  RD	  when	  comparing	  patients	  to	  controls	  in	  both	  their	  affected	  and	  unaffected	  sides,	  while	  another	  two	  studies	  [27,	  45]	  measured	  significance	  on	  the	  affected	  side	  of	  the	  patients	  compared	  to	  controls,	  and	  another	  study	  [47]	  did	  not	  find	  a	  significant	  difference	  in	  either	  category.	  Hoadie	  et	  al.	  [46]	  and	  DeSouza	  et	  al.	  [27]	  found	  significant	  differences	  in	  RD	  when	  comparing	  the	  affected	  side	  before	  and	  after	  surgery;	  Hoadie	  found	  a	  significant	  increase	  while	  DeSouza	  found	  a	  significant	  decrease.	  	  	   For	  axial	  diffusivity	  (AD),	  only	  DeSouza	  et	  al.	  [27]	  measured	  significance	  when	  comparing	  the	  affected	  and	  unaffected	  sides.	  Two	  studies	  [43,	  44]	  found	  significant	  increases	  in	  both	  the	  affected	  and	  unaffected	  sides	  when	  comparing	  patients	  to	  controls,	  one	  study	  [27]	  measured	  a	  significant	  increase	  on	  the	  affected	  side	  in	  patients	  compared	  to	  controls,	  while	  another	  two	  studies	  [45,	  47]	  found	  the	  measurements	  for	  both	  categories	  insignificant.	  When	  comparing	  before	  and	  after	  surgery,	  DeSouza	  et	  al.	  [27]	  found	  a	  significant	  decrease	  in	  AD	  while	  Hoadie	  et	  al.	  [46]	  found	  no	  significant	  changes.	  	  	   In	  regards	  to	  mean	  diffusivity	  (MD),	  the	  results	  were	  scattered	  with	  one	  study	  [44]	  finding	  a	  significant	  increase	  in	  the	  affected	  and	  unaffected	  sides	  when	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comparing	  patients	  to	  controls,	  three	  studies	  [27,	  43,	  45]	  finding	  a	  significant	  increase	  only	  in	  the	  affected	  side	  when	  comparing	  patients	  to	  controls,	  and	  two	  studies	  [27,	  43]	  finding	  a	  significant	  increase	  when	  comparing	  the	  affected	  side	  to	  the	  unaffected	  side.	  Two	  studies	  [38,	  47]	  found	  no	  significance	  in	  any	  of	  the	  categories.	  DeSouza	  et	  al.	  [27]	  found	  a	  significant	  decrease	  in	  MD	  in	  comparing	  patients	  pre-­‐	  and	  post-­‐surgery.	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Discussion:	  Several	  trends	  have	  emerged	  through	  the	  analysis	  of	  the	  structural	  and	  diffusion	  data	  informing	  microstructural	  nerve	  changes	  that	  occur	  in	  TN.	  
Volume	  and	  cross	  sectional	  area	  Decrease	  All	  of	  the	  studies	  that	  examined	  the	  mean	  volume	  of	  the	  nerve	  and	  mean	  cross	  sectional	  area	  of	  the	  proximal	  nerve	  at	  the	  root	  entry	  zone	  in	  TN	  patients	  found	  significant	  decreases	  in	  both	  parameters,	  both	  when	  comparing	  the	  affected	  and	  unaffected	  sides	  and	  comparing	  patients	  to	  controls.	  One	  study	  that	  measured	  the	  mean	  diameter	  of	  the	  trigeminal	  nerve	  found	  that	  it	  was	  smaller	  on	  the	  affected	  side	  than	  the	  unaffected	  side.	  Similarly,	  another	  study,	  which	  measured	  the	  length	  of	  the	  cisternal	  segment	  of	  the	  trigeminal	  nerve,	  found	  that	  it	  was	  smaller	  on	  the	  affected	  side	  than	  the	  unaffected	  side.	  The	  overall	  trend	  of	  these	  data	  suggests	  that	  depletion	  of	  the	  trigeminal	  nerve	  volume	  is	  correlated	  with	  TN.	  	  
Neurovascular	  Compression	  Commonly	  Seen	  In	  these	  studies,	  NVC	  was	  generally	  determined	  through	  a	  qualitative	  visual	  inspection	  using	  T2-­‐weighted	  images.	  Five	  of	  the	  studies	  measuring	  quantitative	  structural	  nerve	  damage	  indicated	  NVC	  of	  the	  nerve	  on	  the	  affected	  side	  and	  seven	  of	  the	  studies	  pointing	  to	  qualitative	  structural	  nerve	  damage	  found	  neurovascular	  compression	  of	  the	  nerve	  on	  the	  affected	  side.	  This	  supports	  the	  idea	  that	  TN	  is	  accompanied	  by	  mechanical	  compression	  of	  the	  nerve	  and	  thereby	  may	  result	  in	  nerve	  atrophy.	  These	  findings	  are	  consistent	  with	  those	  in	  previous	  studies,	  which	  agree	  that	  persistent	  and	  severe	  NVC	  can	  lead	  to	  atrophy	  of	  the	  trigeminal	  nerve	  and	  tends	  to	  induce	  demyelination	  and	  axonal	  loss	  in	  the	  affected	  nerve.	  [48]	  Moreover,	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some	  studies	  have	  suggested	  the	  ignition	  hypothesis	  as	  an	  explanation,	  specifically	  that	  damages	  to	  the	  nerve	  may	  induce	  hyper-­‐excitability	  in	  the	  sensory	  afferents	  due	  to	  ephaptic	  transmission	  and	  synchronized	  activity	  between	  axons	  after	  discharge.	  [49]	  	  Nevertheless,	  some	  studies	  dispute	  the	  role	  of	  NVC	  in	  the	  etiology	  for	  TN,	  pointing	  to	  TN	  patients	  without	  NVC	  while	  confirming	  the	  presence	  of	  NVC	  in	  healthy	  controls.	  [17,	  20,	  24,	  25]	  A	  possible	  theory	  is	  that	  NVC	  is	  not	  seen	  in	  many	  cases	  due	  to	  insufficient	  field	  strength	  and	  the	  resolution	  and	  contrast	  benefits	  it	  provides.	  It	  may	  also	  be	  helpful	  to	  investigate	  the	  nature	  and	  causes	  of	  NVC	  itself	  in	  order	  to	  better	  understand	  its	  role	  in	  trigeminal	  neuralgia.	  	  
Fractional	  Anisotropy	  	   Eleven	  of	  the	  studies	  found	  significant	  differences	  in	  FA.	  This	  is	  a	  clear	  indicator	  of	  microstructural	  changes	  in	  the	  nerve	  and,	  perhaps,	  demyelination,	  since	  FA	  is	  a	  measure	  of	  tissue	  microstructure.	  [4]	  The	  overall	  trend	  was	  that	  decreased	  FA	  values	  were	  found	  when	  comparing	  patients	  and	  controls	  as	  well	  as	  the	  affected	  and	  unaffected	  sides.	  This	  is	  consistent	  with	  the	  finding	  that	  nerve	  atrophy	  is	  associated	  with	  decreased	  FA	  values	  and	  that	  degradation	  of	  nerve	  structure	  indicates	  not	  only	  a	  compressive	  effect	  but	  also	  cellular	  changes.	  [32]	  
Apparent	  Diffusion	  Coefficient	  	   Of	  the	  five	  studies	  looking	  at	  ADC,	  two	  of	  the	  studies	  found	  a	  significantly	  higher	  ADC	  in	  the	  affected	  side	  compared	  to	  the	  unaffected	  side	  and	  in	  the	  affected	  side	  of	  patients	  compared	  to	  controls.	  This	  is	  significant	  for	  understanding	  the	  etiology	  of	  TN,	  because	  higher	  ADC	  values	  are	  associated	  with	  nerve	  atrophy.	  [32]	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Diffusivity	  	   Five	  of	  the	  studies	  examining	  diffusivity	  identified	  significant	  changes	  in	  radial,	  axial,	  or	  mean	  diffusivity.	  With	  the	  exception	  of	  one	  study	  that	  found	  decreased	  diffusivity,	  the	  remaining	  studies	  that	  found	  significant	  differences	  in	  diffusivity	  identified	  an	  increase	  in	  one	  or	  more	  directions,	  either	  when	  comparing	  patients	  to	  controls,	  affected	  and	  unaffected	  sides,	  or	  pre-­‐	  and	  post-­‐surgery	  outcomes.	  While	  all	  types	  of	  diffusivities	  can	  be	  telling,	  MD	  (like	  FA)	  has	  been	  identified	  as	  a	  marker	  of	  more	  subtle	  changes	  in	  tissue	  microstructure.	  These	  changes	  may	  emerge	  from	  tissue	  shrinkage	  and	  densely	  packed	  myelinated	  fibers	  as	  a	  consequence	  of	  neurodegeneration.	  [50]	  This	  suggests	  that	  diffusivity,	  especially	  the	  mean	  diffusivity,	  is	  a	  good	  indicator	  of	  neural	  microstructure	  and	  is	  useful	  for	  identifying	  the	  nerve	  damage	  accompanied	  with	  TN.	  	  	  
Limitations	  and	  Biases	  of	  this	  study:	  	  Limitations	  of	  this	  meta-­‐analysis	  include	  the	  small	  number	  of	  studies	  and	  small	  number	  of	  patients	  analyzed,	  precluding	  any	  statistical	  analysis	  for	  substantiating	  aggregated	  results.	  Biases	  may	  be	  introduced	  by	  some	  studies,	  which	  included	  only	  patients	  who	  were	  surgical	  candidates	  or	  had	  already	  undergone	  surgery,	  as	  well	  as	  studies	  which	  compared	  patients	  and	  controls	  who	  were	  not	  necessarily	  age	  or	  gender-­‐matched.	  	  
Conclusions	  and	  Future	  Directions:	  
	   This	  meta-­‐analysis	  reports	  the	  overall	  neural	  differences	  observed	  between	  patients	  and	  controls	  in	  both	  diffusion	  metrics	  and	  structural	  metrics.	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The	  aggregated	  results	  of	  TN	  structural	  and	  diffusion	  imaging	  studies	  suggest	  that	  the	  etiology	  of	  TN	  may	  involve	  mechanical	  compression	  of	  the	  trigeminal	  nerve	  resulting	  in	  intrinsic	  tissue	  loss	  and	  microstructural	  changes	  in	  the	  trigeminal	  nerve.	  In	  twelve	  out	  of	  sixteen	  cases,	  NVC,	  as	  revealed	  through	  imaging,	  was	  found	  in	  combination	  with	  trigeminal	  nerve	  atrophy	  indicated	  by	  structural	  and	  diffusion	  metrics.	  	  Future	  studies	  could	  be	  focused	  on	  utilizing	  additional	  measures	  for	  the	  anatomical	  basis	  of	  TN	  such	  as	  enhanced	  vascular	  imaging,	  higher	  resolution	  structural	  imaging,	  and	  higher	  resolution	  DWI,	  in	  order	  to	  more	  accurately	  characterize	  nerve	  loss	  and	  identify	  NVC	  in	  TN.	  [51,	  52]	  In	  addition,	  it	  may	  be	  useful	  to	  have	  a	  separate	  analysis	  looking	  at	  the	  correlation	  between	  structural	  nerve	  damage	  and	  NVC,	  in	  order	  to	  determine	  how	  the	  two	  factors	  may	  be	  linked	  in	  the	  etiology	  of	  TN.	  Metabolic	  nerve	  studies	  may	  also	  prove	  useful.	  One	  avenue	  for	  accomplishing	  this	  may	  be	  to	  use	  higher	  field	  strengths	  such	  as	  7T	  MRI.	  [53]	  Gaining	  further	  insight	  into	  the	  pathophysiology	  of	  TN	  can	  help	  in	  treatment	  selection,	  therapeutic	  development,	  and	  surgical	  planning	  and	  can	  hopefully	  improve	  clinical	  patient	  outcomes	  in	  the	  future.	  [12]	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Chapter	  2:	  Frequency	  Shift	  Imaging	  (FSI)	  for	  characterization	  of	  cells	  labeled	  
with	  superparamagnetic	  iron-­‐oxide	  nanoparticles	  	  
Introduction:	  
	   Magnetic	  resonance	  imaging	  (MRI)	  has	  been	  a	  primary	  tool	  used	  for	  in	  vivo	  imaging	  of	  superparamagnetic	  iron-­‐oxide	  nanoparticles	  (SPIOs).	  This	  imaging	  technique	  allows	  for	  non-­‐invasively	  detecting	  and	  tracking	  the	  location	  of	  labeled	  cells,	  with	  clinical	  applications	  including	  monitoring	  stem	  cell	  therapy,	  cancer	  imaging,	  and	  gene	  and	  drug	  delivery.	  [1-­‐4]	  Recently,	  MRI	  has	  been	  used	  to	  track	  and	  steer	  macrophages	  into	  tumor	  sites	  in	  mice	  by	  magnetically	  labeling	  macrophages	  with	  SPIOs	  and	  applying	  pulsed	  magnetic	  field	  gradients	  in	  the	  direction	  of	  the	  tumor	  sites.	  [5]	  SPIOs	  are	  small	  particles	  which	  are	  typically	  composed	  of	  either	  a	  magnetite	  (Fe3O4)	  or	  maghemite	  (γ-­‐Fe2O3)	  core	  [6,	  7]	  precipitated	  throughout	  a	  porous	  biocompatible	  polymer	  [6,	  8]	  or	  coated	  with	  a	  biocompatible	  organic/inorganic	  polymer	  [9,	  10].	  Although	  both	  maghemite	  and	  magnetite	  are	  customarily	  ferromagnetic	  in	  nature,	  when	  they	  decrease	  in	  size	  to	  30 nm	  or	  smaller,	  their	  permanent	  magnetism	  is	  lost	  and	  they	  become	  superparamagnetic.	  [11]	  	  Iron	  oxide-­‐based	  nanoparticles	  are	  beneficial	  for	  use	  as	  an	  MRI	  contrast	  agent	  and	  biological	  applications	  for	  multiple	  reasons:	  their	  small	  size	  allows	  them	  to	  be	  transported	  easily	  across	  cell	  membranes	  [12],	  their	  low	  toxicity	  enables	  the	  use	  of	  large	  quantities	  of	  iron	  without	  causing	  significant	  cell	  death	  [12],	  and	  their	  superparamagnetic	  nature	  implies	  that	  the	  particles	  will	  not	  be	  attracted	  to	  each	  other,	  minimizing	  the	  risk	  of	  agglomeration	  in	  a	  medical	  setting.	  [13]	  Furthermore,	  iron	  is	  a	  naturally	  occurring	  metal	  in	  the	  body	  (ferritin),	  and	  consequently	  iron-­‐
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containing	  nanoparticles	  are	  biocompatible	  as	  the	  body	  can	  metabolize	  the	  particles	  and	  use	  them	  in	  later	  metabolic	  processes.	  [14]	  In	  MRI,	  the	  total	  signal	  in	  a	  voxel	  is	  the	  sum	  of	  individual	  magnetization	  vectors,	  and	  since	  SPIOs	  lead	  to	  intravoxel	  local	  magnetic	  field	  inhomogeneities,	  the	  net	  sum	  of	  all	  of	  the	  sub-­‐magnetization	  vectors	  becomes	  incoherent.	  In	  other	  words,	  SPIO-­‐labeled	  cells	  cause	  signal	  dephasing	  [15],	  since	  they	  induce	  variation	  in	  the	  local	  magnetic	  field.	  [16]	  Consequently,	  when	  using	  standard	  imaging	  sequences,	  SPIOs	  act	  as	  a	  negative	  contrast	  agent	  and	  appear	  as	  signal	  voids	  or	  hypointense	  regions	  in	  the	  image.	  While	  most	  SPIO	  applications	  have	  relied	  on	  negative	  contrast	  sequences	  [17],	  there	  are	  multiple	  disadvantages	  including	  partial	  volume	  effects	  [15]	  and	  difficulty	  distinguishing	  signal	  loss	  from	  the	  SPIOs	  from	  physical	  voids,	  native	  low	  signals	  in	  tissue,	  or	  other	  sources	  of	  inhomogeneity.	  	  Positive	  contrast	  imaging	  of	  the	  off-­‐resonance	  SPIO	  signal	  has	  been	  a	  suggested	  alternative	  and	  provides	  clear	  benefits	  [18,	  19]	  including	  increased	  contrast	  to	  noise	  ratio,	  diminished	  inherent	  MRI	  defects	  such	  as	  partial	  volume	  effects,	  distinguished	  signal	  surrounding	  SPIOs	  from	  dark	  signal	  resulting	  from	  local	  field	  inhomogeneity,	  and	  reduction	  of	  background	  tissue	  signal.	  Another	  possible	  benefit	  of	  positive	  contrast	  methods	  that	  can	  have	  significant	  applicability	  clinically	  is	  possible	  quantification	  of	  labeled	  cells	  in	  a	  targeted	  organ.	  	  Many	  techniques	  for	  positive	  contrast	  have	  been	  explored	  as	  applied	  to	  imaging	  of	  cells	  labeled	  with	  SPIOs.	  These	  include	  GRadient	  echo	  Acquisition	  for	  Superparamagnetic	  Particles	  (GRASP)	  [20,	  21],	  Inversion-­‐Recovery	  with	  ON-­‐
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resonant	  water	  suppression	  (IRON)	  [22],	  and	  variation	  of	  Susceptibility-­‐Weighted	  Imaging	  (SWI)	  [23],	  among	  others.	  	  Cunningham	  et	  al.	  [15]	  proposed	  a	  new	  positive	  contrast	  method	  called	  Selective	  Excitation	  Imaging.	  It	  uses	  spectrally	  selective	  RF	  pulses	  to	  excite	  and	  refocus	  off-­‐resonance	  spins	  in	  the	  SPIO	  area,	  whilst	  suppressing	  on-­‐resonance	  signal.	  [15]	  This	  generates	  an	  image	  in	  which	  only	  tissue	  and	  fluid	  near	  the	  SPIOs	  are	  visible.	  Advantages	  of	  this	  technique	  include	  suppression	  efficiency,	  no	  need	  for	  saturation	  pulse	  or	  dephasing	  gradient	  application	  since	  on-­‐resonance	  spins	  are	  not	  excited,	  and	  the	  ability	  to	  select,	  adjust,	  and	  shift	  the	  excited	  frequency	  band.	  	  Balchandani	  et	  al.	  [16]	  built	  on	  this	  frequency	  selective	  technique	  to	  develop	  a	  spin	  echo	  self-­‐refocused	  spatial-­‐spectral	  (SR-­‐SPSP)	  pulse,	  which	  is	  a	  single	  pulse	  comprised	  of	  a	  phase	  matched	  90°	  SPSP	  pulse	  and	  180°	  degree	  SPSP	  pulse.	  Using	  a	  SR-­‐SPSP	  pulse	  is	  advantageous	  over	  Cunningham’s	  method	  since	  it	  eliminates	  interfering	  background	  signal	  from	  off-­‐resonance	  sources	  outside	  the	  slice	  of	  interest	  by	  producing	  slice-­‐selective	  imaging	  of	  off-­‐resonance	  spins.	  [16]	  Moreover,	  this	  method	  provides	  flexibility	  in	  selecting	  echo	  time,	  because	  the	  spin	  echo	  can	  be	  positioned	  at	  any	  time	  after	  the	  pulse	  completion	  and	  combining	  the	  two	  pulses	  into	  one	  allows	  for	  a	  shorter	  echo	  time	  than	  would	  be	  possible	  with	  the	  two	  pulses	  individually.	  [24]	  Another	  advantage	  is	  that	  the	  spatial	  selectivity	  achieved	  reduces	  the	  requirements	  for	  on-­‐resonance	  water	  suppression,	  enabling	  greater	  flexibility	  in	  RF	  pulse	  design.	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In	  this	  work	  we	  introduce	  frequency	  shift	  imaging	  (FSI),	  a	  novel	  acquisition	  technique	  that	  combines	  efficient	  interleaved	  spectrally	  selective	  excitations	  with	  fast	  spiral	  acquisition	  to	  perform	  comprehensive	  characterization	  of	  the	  magnetic	  signature	  of	  SPIOs	  in	  a	  reasonable	  scan	  time.	  Although	  this	  technique	  builds	  on	  those	  of	  Cunningham	  et	  al.	  and	  Balchandani	  et	  al.,	  it	  has	  several	  advantages	  over	  these	  previous	  methods	  include	  three-­‐dimensional	  localization,	  faster	  acquisition	  with	  spiral	  gradients,	  and	  efficient	  interleaved	  spectrally	  selective	  excitations	  within	  one	  TR.	  We	  propose	  that	  the	  combination	  of	  data	  from	  multiple,	  selected	  bands	  can	  enable	  higher	  SNR	  quantitative	  measurement.	  	  
Ultrahigh	  field	  strength	  MRI	  is	  advantageous	  over	  lower	  field	  strength	  scanners	  since	  it	  provides	  greater	  signal	  to	  noise	  ratio	  (SNR),	  which	  can	  be	  traded	  in	  for	  higher	  resolution.	  Hence,	  we	  suggest	  that	  SPIO	  imaging	  at	  ultrahigh	  field	  strengths,	  such	  as	  7T,	  makes	  it	  possible	  to	  leverage	  the	  greater	  off-­‐resonance	  sensitivity	  afforded	  by	  higher	  field	  strengths.	  Furthermore,	  the	  higher	  resolution	  provided	  at	  7T	  can	  allow	  for	  more	  accurate	  measurements	  for	  quantitative	  imaging	  of	  labeled	  cell	  populations.	  We	  demonstrate	  the	  performance	  of	  the	  FSI	  sequence	  for	  imaging	  macrophages	  labeled	  with	  SPIOs	  and	  compare	  the	  novel	  sequence	  with	  standard	  negative-­‐contrast	  acquisitions	  performed	  at	  7T.	  	  We	  quantify	  the	  labeled	  cell	  concentrations	  in	  vitro	  using	  signal	  intensity	  and	  compare	  to	  the	  concentrations	  predicted	  to	  assess	  the	  quantitative	  efficiency	  of	  FSI.	  
	  
	  
	   35	  
Theory:	  Cunningham	  et	  al.	  [15]	  developed	  a	  model	  for	  quantitative	  imaging	  of	  SPIO-­‐labeled	  cells.	  	  A	  collection	  of	  labeled	  cells	  will	  induce	  a	  field	  pattern	  in	  in	  its	  surrounding	  area,	  which	  can	  be	  approximated	  by	  a	  dipole	  field	  from	  a	  magnetized	  sphere	  (Figure	  1).	  [25,	  26]	  The	  field	  perturbation	  from	  the	  SPIOs	  varies	  as	  	  
	  
	  
where	   	  is	  the	  difference	  in	  bulk	  magnetic	  susceptibility	  between	  the	  sphere	  and	  surroundings,	  r	  is	  the	  distance	  from	  the	  center	  of	  the	  sphere,	   	  is	  the	  radius	  of	  the	  sphere,	  and	  θ	  is	  the	  angle	  relative	  to	  the	  main	  field	  B0.	  [27]	  (We	  only	  look	  at	  the	  z	  component	  of	  the	  magnetic	  field	  (Bz)	  since,	  in	  MRI,	  the	  magnetic	  fields	  are	  designed	  such	  that	  the	  magnetic	  fields	  in	  the	  x	  and	  y	  directions	  are	  negligible	  compared	  to	  that	  in	  the	  z	  direction.)	  Through	  further	  derivations,	  Cunningham	  showed	  that	  the	  signal	  volume	  of	  a	  given	  frequency	  band	  (as	  well	  as	  the	  sum	  of	  all	  frequency	  bands)	  and	  the	  volume	  of	  cells	  scale	  with	   3,	  predicting	  a	  linear	  relationship	  between	  the	  integrated	  signal	  and	  volume	  of	  cells.	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Figure	  1:	  Frequency	  profile	  surrounding	  a	  magnetized	  sphere.	  	  Through	  phantom	  experiments,	  Cunningham	  found	  that	  the	  volume	  of	  labeled	  cells	  is	  proportional	  to	  the	  integrated	  signal,	  which	  is	  consistent	  with	  his	  model.	  	  
Methods:	  
Cell	  phantom:	  	  Mouse	  tumor	  macrophages	  were	  grown	  in	  DMEM	  media	  in	  two	  T75	  flasks.	  Both	  flasks	  were	  incubated	  for	  4	  hours	  at	  37°	  Celsius,	  one	  with	  30	  mg	  Fe/mL	  ferumoxutol	  (labeled	  cells),	  the	  other	  without	  (control	  cells).	  Subsequently,	  the	  cells	  were	  fixed	  with	  4%	  PFA	  and	  four	  samples	  of	  1	  million	  cells	  each	  (which	  were	  counted	  using	  a	  hemocytometer)	  were	  made	  by	  mixing	  labeled	  and	  unlabeled	  cells	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at	  0%,	  25%,	  75%	  and	  100%	  population	  ratio.	  The	  cell	  samples	  were	  embedded	  in	  2%	  agar	  gel	  for	  MR	  imaging.	  	  
Sequence	  Design:	  	  A	  15	  ms-­‐long,	  170	  Hz	  bandwidth,	  self-­‐refocused	  RF	  pulse	  was	  designed	  using	  the	  Shinnar-­‐Le	  Roux	  (SLR)	  algorithm	  (Figure	  2)	  in	  order	  to	  provide	  minimum	  echo	  time	  and	  high	  spectral	  selectivity,	  as	  described	  in	  [18].	  Rigorous	  description	  of	  this	  RF	  pulse	  is	  provided	  in	  [18],	  however,	  the	  basic	  concept	  is	  that	  a	  pair	  of	  pulses	  are	  designed	  to	  provide	  a	  spin	  echo,	  and	  then	  a	  single	  pulse	  is	  designed	  to	  provide	  the	  same	  effect	  as	  the	  pulse	  pair.	  This	  single	  pulse	  is	  called	  a	  self-­‐refocused	  pulse.	  Such	  a	  pulse	  helps	  to	  shorten	  the	  echo	  time	  (TE)	  of	  the	  sequence	  to	  a	  minimum,	  which	  results	  in	  the	  highest	  signal	  efficiency.	  Amalgamating	  a	  90°–180°	  pulse	  pair	  into	  a	  single	  pulse	  leaves	  no	  space	  for	  placing	  crushers	  around	  the	  180°	  pulse	  to	  eliminate	  unrefocused	  components	  of	  the	  magnetization.	  Therefore,	  acquisitions	  from	  two	  different	  self-­‐refocused	  pulses	  with	  opposite	  echo	  phase	  are	  required,	  such	  that	  subtracting	  the	  profile	  of	  pulse	  2	  from	  the	  profile	  of	  pulse	  1	  eliminated	  the	  unrefocused	  component	  of	  the	  magnetization.	  [16]	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Figure	  2:	  (A-­‐B)	  waveforms	  of	  the	  self-­‐refocused	  RF	  pulses	  used	  in	  this	  work	  (continuous	  line:	  real	  part,	  dashed	  line:	  imaginary	  part).	  The	  two	  pulses	  are	  generated	  to	  provide	  opposite	  echo	  phase	  in	  subsequent	  acquisition.	  The	  spin	  echo	  is	  sampled	  at	  the	  end	  at	  the	  pulse.	  (C)	  Bloch	  simulation	  showing	  the	  frequency	  dependence	  of	  the	  subtracted	  spin	  echo	  signal.	  	  	   Center-­‐out	  3D	  stack-­‐of-­‐spiral	  readouts	  were	  implemented	  to	  minimize	  the	  echo	  time	  in	  order	  to	  reduce	  signal	  loss	  due	  to	  transverse	  relaxation.	  15	  different	  frequency	  points	  (-­‐1400	  to	  1400	  Hz)	  were	  sampled	  at	  200	  Hz	  intervals	  in	  interleaved	  fashion.	  Interleaving	  frequency	  sampling	  in	  time	  allows	  for	  fast	  repetition	  rates	  (24	  ms	  between	  consecutive	  pulses)	  while	  providing	  sufficient	  signal	  recovery	  (TR=360	  ms	  between	  consecutive	  excitations	  of	  the	  same	  frequency	  band).	  See	  Figure	  3	  for	  pulse	  sequence	  diagram.	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Figure	  3:	  Pulse	  Sequence	  Diagram	  displays	  self-­‐refocused	  RF	  pulse,	  spiral	  gradient	  acquisitions	  in	  x	  and	  y,	  and	  phase	  encoding	  gradient	  in	  z.	  	  	  
MR	  imaging:	  	  The	  stack-­‐of-­‐spiral	  FSI	  sequence	  acquired	  30	  partitions	  at	  isotropic	  1.0	  mm	  resolution,	  using	  segmented	  spiral	  readouts	  (140	  mm	  field	  of	  view,	  15	  arms	  per	  2D	  spiral,	  5.5	  ms	  per	  readout).	  FSI	  had	  a	  TE	  of	  9.5	  ms.	  Total	  acquisition	  time	  for	  interleaved	  FSI	  was	  10	  minutes.	  In	  addition,	  standard	  negative-­‐contrast	  sequences	  were	  acquired	  at	  1.0	  mm	  isotropic	  resolution	  on	  the	  same	  phantom,	  including	  a	  3D	  gradient	  echo	  (TE/TR	  2.4/5.3	  ms)	  and	  a	  2D	  interleaved	  spin	  echo	  (TE/TR	  8.7/1000	  ms).	  
Quantification:	  	  In	  order	  to	  determine	  the	  efficiency	  of	  using	  signal	  intensity	  to	  quantify	  cell	  number,	  we	  made	  a	  preliminary	  attempt	  to	  quantify	  SPIOs	  and	  evaluated	  the	  correlation	  between	  measured	  signal	  intensity	  and	  expected	  percent	  cell	  concentration	  in	  the	  vials.	  	  We	  measured	  signal	  intensity	  using	  MATLAB	  by	  tracing	  regions	  of	  interest	  (ROIs)	  around	  the	  bright	  lobes	  emanating	  from	  each	  of	  the	  vials	  with	  25,	  75	  and	  100%	  labeled	  cells	  (the	  0%	  vial	  generated	  no	  signal)	  on	  9	  consecutive	  slices,	  with	  each	  slice	  containing	  the	  sum	  of	  the	  signals	  across	  all	  frequencies.	  A	  sample	  ROI	  is	  displayed	  in	  Figure	  4.	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Figure	  4.	  ROI	  tracing	  for	  signal	  intensity	  measurement	  of	  vial	  with	  75%	  labeled	  cells	  on	  a	  single	  slice.	  	  	   We	  aimed	  to	  incorporate	  the	  entirety	  of	  the	  signal	  from	  the	  cells	  while	  minimizing	  the	  inclusion	  of	  remaining	  background	  signal.	  Signal	  intensity	  was	  determined	  by	  multiplying	  the	  ROI	  area	  (in	  pixels)	  by	  the	  mean	  signal	  intensity	  value	  in	  the	  selected	  region.	  After	  summing	  up	  the	  signal	  intensities	  from	  all	  9	  slices,	  we	  measured	  the	  ratios	  between	  the	  vials.	  	  
Results:	  
Phantom:	  	  Experimental	  results	  are	  shown	  in	  Figure	  5.	  The	  FSI	  measured	  multi-­‐frequency	  spin	  echo	  signal	  displays	  the	  dipole	  pattern	  of	  the	  magnetic	  field	  of	  the	  SPIOs.	  The	  regions	  along	  the	  main	  magnetic	  field	  axis	  are	  excited	  by	  positive	  frequency	  pulses,	  while	  regions	  perpendicular	  to	  the	  main	  magnetic	  field	  are	  excited	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by	  negative	  frequency	  pulses.	  This	  difference	  in	  region	  excitement	  between	  positive	  and	  negative	  frequencies	  is	  seen	  in	  the	  different	  orientations	  of	  the	  highlighted	  dipole	  patterns.	  Moreover,	  lower	  frequency	  shifts	  lead	  to	  increased	  signal	  and	  larger	  excitation	  patterns,	  while	  higher	  frequency	  shifts	  result	  in	  the	  opposite,	  following	  the	  equation	  dictating	  the	  field	  pattern	  of	  a	  magnetized	  sphere.	  Water	  is	  excited	  at	  0	  Hz,	  so	  the	  residual	  background	  signal	  that	  appears	  at	  200	  Hz	  is	  a	  consequence	  of	  the	  large	  water	  linewidth	  at	  7T.	  	  
	  
Figure	  5:	  Multi-­‐frequency	  spin	  echo	  signal	  measured	  with	  FSI	  on	  cell	  phantom	  imaged	  at	  7T.	  Positive	  frequencies	  excite	  regions	  along	  the	  main	  magnetic	  field	  axis	  while	  negative	  frequencies	  excite	  regions	  perpendicular	  to	  it.	  Higher	  frequency	  shifts	  lead	  to	  reduced	  signal	  as	  well	  as	  smaller	  excitation	  patterns.	  	  	   Positive	  contrast	  is	  shown	  to	  have	  increased	  background	  suppression	  compared	  to	  negative-­‐contrast	  sequences	  (Figure	  6).	  The	  positive	  contrast	  technique	  can	  provide	  a	  framework	  for	  quantitative	  analysis,	  since	  it	  allows	  for	  the	  
	   42	  
detection	  of	  pattern	  size,	  which	  is	  visually	  proportional	  to	  the	  amount	  of	  labeled	  cells.	  	  
	  
Figure	  6:	  Comparison	  of	  gradient	  echo	  (left),	  spin	  echo	  (middle)	  and	  FSI	  (right)	  acquired	  at	  7T	  on	  macrophage	  cultured	  cell	  population	  with	  0,	  25,	  75	  and	  100%	  of	  cells	  labeled	  with	  SPIOs.	  The	  FSI	  image	  was	  generated	  using	  the	  sum	  of	  signals	  acquired	  in	  all	  frequency	  bands.	  While	  negative	  contrast	  and	  distortions	  affect	  standard	  gradient	  and	  spin	  echo	  sequences,	  FSI	  leads	  to	  highly	  conspicuous	  signal.	  Signal	  intensity	  and	  spatial	  extent	  of	  dipole	  patterns	  scale	  with	  the	  ratio	  of	  labeled	  cells.	  	  	   In	  this	  one	  phantom	  imaging	  study,	  the	  signal	  intensity	  data	  measured	  correlated	  well	  with	  the	  expected	  percent	  of	  labeled	  cells	  concentration,	  with	  measured	  signal	  intensities	  of	  25.02%	  and	  75.16%	  for	  the	  25%	  and	  75%	  cell	  concentrations	  respectively	  (Table	  1).	  However,	  further	  experiments	  are	  required	  in	  order	  to	  determine	  the	  true	  predictive	  value	  of	  signal	  intensity	  for	  cell	  volume.	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Table	  1:	  Quantitative	  SPIO	  data	  at	  7T	  with	  signal	  intensities	  determined	  by	  multiplying	  the	  area	  of	  the	  ROI	  by	  the	  mean.	  We	  measured	  the	  ratios	  after	  summing	  up	  the	  signal	  intensities	  on	  9	  slices.	  	  	  	  Therefore,	  this	  approach	  to	  measuring	  signal	  intensity	  may	  be	  effective	  for	  quantifying	  labeled	  cell	  concentrations	  in	  specific	  locations	  and	  can	  ultimately	  help	  lead	  to	  the	  development	  of	  an	  in	  vivo	  model	  for	  predicting	  cell	  concentrations	  based	  on	  MRI	  signal	  intensities.	  
Discussion	  and	  Conclusion:	  In	  this	  study,	  we	  obtained	  a	  comprehensive	  characterization	  of	  the	  SPIO	  magnetic	  signature	  in	  one	  acquisition	  and	  with	  fast	  spiral	  readout	  using	  the	  novel	  FSI	  sequence.	  We	  have	  demonstrated	  the	  efficiency	  of	  FSI	  for	  providing	  highly	  conspicuous	  signal	  through	  positive	  contrast	  imaging	  of	  SPIO	  labeled	  macrophages	  at	  7T,	  as	  compared	  to	  negative	  contrast	  methods.	  Positive	  contrast	  imaging	  suggests	  a	  path	  for	  quantifying	  labeled	  cells	  in	  a	  targeted	  organ,	  with	  significant	  biomedical	  applications.	  	  
Future	  Directions:	  For	  future	  work,	  we	  plan	  to	  compare	  detection	  limits	  between	  1.5T,	  3T,	  and	  7T	  to	  evaluate	  the	  advantages	  of	  7T	  imaging	  for	  SPIOs.	  We	  also	  plan	  to	  optimize	  the	  sequences	  and	  conduct	  additional	  phantom	  experiments	  to	  obtain	  a	  more	  robust	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analysis	  and	  quantitative	  significance.	  We	  plan	  to	  perform	  this	  imaging	  technique	  in	  
ex	  vivo	  tissue	  samples	  and	  in	  vivo	  animal	  models,	  one	  possibility	  being	  a	  mouse	  model.	  Our	  final	  goal	  is	  to	  validate	  our	  model	  with	  in	  vivo	  data	  to	  quantify	  labeled	  cells	  content,	  based	  on	  observed	  multi-­‐frequency	  patterns.	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Summary:	  	  
	   We’ve	  explored	  studying	  trigeminal	  neuralgia	  and	  performed	  a	  meta-­‐analysis	  looking	  at	  MRI	  studies	  that	  have	  been	  performed	  to	  detect	  and	  measure	  the	  presence	  of	  microstructural	  nerve	  damage	  in	  patients	  compared	  to	  controls	  as	  well	  as	  in	  the	  affected	  side	  compared	  to	  the	  unaffected	  side	  of	  the	  trigeminal	  nerve	  in	  patients.	  Both	  structural	  and	  diffusion	  metrics	  in	  the	  amalgamated	  data	  have	  suggested	  the	  presence	  of	  neural	  changes	  and	  damage.	  We	  are	  now	  initiating	  an	  ultrahigh	  field	  project,	  in	  which	  we	  are	  scanning	  trigeminal	  neuralgia	  patients	  at	  7T	  to	  visualize	  and	  quantify	  nerve	  damage.	  This	  is	  a	  topic	  of	  future	  work	  and	  is	  currently	  underway.	  	   We	  have	  also	  studied	  the	  use	  of	  selective	  excitation	  imaging,	  a	  positive	  contrast	  technique,	  for	  detecting	  cells	  labeled	  with	  superparamagnetic	  iron	  oxide	  nanoparticles.	  We	  have	  developed	  a	  novel	  sequence,	  Frequency	  Shift	  Imaging,	  and	  implemented	  the	  sequence	  on	  a	  labeled	  cell	  phantom	  at	  7T.	  Frequency	  Shift	  Imaging	  provides	  highly	  conspicuous	  signal	  compared	  to	  negative	  contrast	  methods	  and,	  consequently,	  may	  provide	  more	  accurate	  quantitative	  measurements	  of	  cell	  populations	  based	  on	  the	  electromagnetic	  model	  developed.	  In	  the	  future,	  we	  plan	  to	  explore	  detection	  limits	  between	  scanners	  of	  different	  field	  strength	  for	  imaging	  the	  magnetic	  nanoparticles	  at	  7T	  as	  well	  as	  obtain	  additional	  phantom	  measurements	  and	  in	  vitro	  and	  in	  vivo	  data	  for	  a	  more	  rigorous	  quantitative	  analysis.	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